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ABSTRACT: Erosion processes in bedrock-floored rivers shape channel cross-sectional geometry and the broader landscape.
However, the influence of weathering on channel slope and geometry is not well understood. Weathering can produce variation
in rock erodibility within channel cross-sections. Recent numerical modeling results suggest that weathering may preferentially
weaken rock on channel banks relative to the thalweg, strongly influencing channel form. Here, we present the first quantitative field
study of differential weathering across channel cross-sections. We hypothesize that average cross-section erosion rate controls the
magnitude of this contrast in weathering between the banks and the thalweg. Erosion rate, in turn, is moderated by the extent to
which weathering processes increase bedrock erodibility. We test these hypotheses on tributaries to the Potomac River, Virginia, with
inferred erosion rates from ~0.1 m/kyr to >0.8 m/kyr, with higher rates in knickpoints spawned by the migratory Great Falls
knickzone. We selected nine channel cross-sections on three tributaries spanning the full range of erosion rates, and at multiple flow
heights we measured (1) rock compressive strength using a Schmidt hammer, (2) rock surface roughness using a contour gage
combined with automated photograph analysis, and (3) crack density (crack length/area) at three cross-sections on one channel.
All cross-sections showed significant (p < 0.01 for strength, p < 0.05 for roughness) increases in weathering by at least one metric
with height above the thalweg. These results, assuming that the weathered state of rock is a proxy for erodibility, indicate that rock
erodibility varies inversely with bedrock inundation frequency. Differences in weathering between the thalweg and the channel
margins tend to decrease as inferred erosion rates increase, leading to variations in channel form related to the interplay of
weathering and erosion rate. This observation is consistent with numerical modeling that predicts a strong influence of
weathering-related erodibility on channel morphology. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction
Rock erosion by rivers is a primary driver of landscape
evolution in non-glacial landscapes (Whipple, 2004; Turowski
et al., 2008). Downcutting of bedrock rivers sets the boundary
conditions for adjacent hillslopes as well as the pace of
drainage basin response to baselevel change, climatic changes,
tectonics, and other landscape-scale perturbations (Burbank
et al., 1996; Whipple and Tucker, 1999; Whipple, 2004;
Hobley et al., 2010). Landscape evolution models commonly
use stream power and shear stress rules to model rock erosion
rates in channels (e.g. Howard and Kerby, 1983; Whipple and
Tucker, 1999; Tucker and Whipple, 2002; Lague, 2014). These
rules typically incorporate four basic elements: (1) channel
gradient; (2) drainage area as a surrogate for discharge; (3)
sediment availability for erosion or bed cover; and (4) a
constant that implicitly incorporates rock resistance to erosion,
referred to here as erodibility. Of these variables, the influence
of rock erodibility remains the least well understood. Rock
erodibility is dependent in part on inherent rock properties such
as tensile strength (e.g. Sklar and Dietrich, 2001) and joint

spacing (e.g. Hancock et al., 1998; Whipple et al., 2000). Rock
erosion rates are influenced by rock erodibility and rock
surface roughness, which are related in part to rock
properties and in part to spatial variability in erosional
processes (e.g. Hancock et al., 1998; Whipple et al., 2000;
Goode and Wohl, 2010; Huda and Small, 2014). Substrate
erodibility in bedrock-floored channels is a primary influence
on the local gradient along the longitudinal profile (e.g. Han
et al., 2014; Duvall et al., 2004) and on channel cross-section
geometry (Wohl and Achyuthan, 2002). Rock erodibility may
also vary within and across channel cross-sections (Small
et al., 2015), and may play a significant role in setting channel
geometry and gradient (Hancock et al., 2011).
Physical and chemical weathering processes in rock-floored
channels have been suggested as an important mechanism for
increasing rock erodibility (e.g. Wohl, 1993; Howard, 1994,
1998; Hancock et al., 1998; Whipple, 2004; Turowski et al.,
2009; Hancock et al., 2011; Han et al., 2014; Johnson and
Finnegan, 2015; Small et al., 2015; Collins et al., 2016).
Weathering is a well-accepted mechanism for reducing rock
tensile strength and thereby reducing the critical stress

1998

C. M. SHOBE ET AL.

necessary to alter rock (e.g. Spears and Taylor, 1972; Gupta
and Rao, 2000; Tugrul, 2004; Sousa et al., 2005), which makes
rock more susceptible to erosion by abrasion (Sklar and
Dietrich, 2001). Weathering may also accelerate block
plucking by expanding fractures along which blocks are
removed (Hancock et al., 1998; Whipple et al., 2000; Collins
et al., 2016). In this article we use the term ‘weathering’ to
mean all in situ physical and chemical weathering processes
(for example, oxidation, hydrolysis, microfracture propagation,
etc.) that occur at or near the surface of a bedrock outcrop. We
use the term ‘degree of weathering’ to refer to the in situ
accumulation of weathering effects (for example, increases in
fracture density or porosity, depth of the weathering profile,
accumulation of iron oxides or clay minerals, etc.). We use
the term ‘weathering rate’ to refer to the rate at which these
changes accumulate.
Field studies completed at the scale of individual river
reaches document that rock erodibility within river channels
is not constant through time and can vary significantly within
the same rock type both along channel profiles and within
channel cross-sections (e.g. Montgomery, 2004; Stock et al.,
2005; Han et al., 2014; Small et al., 2015; Johnson and
Finnegan, 2015; Murphy et al., 2016). Each of these studies
suggests that differences in rock residence time within channels
and/or differences in rock weathering rates within and along
channels cause observed spatiotemporal variation in rock
erodibility. However, nearly all published studies that make
use of numerical models to simulate longitudinal profile or
channel cross-section evolution treat rock erodibility as
uniform and constant for a particular rock type in the model
(e.g. Stark, 2006; Wobus et al., 2006, 2008; Lague, 2014). To
date, there have been limited attempts to incorporate spatial
and temporal changes in erodibility into models of bedrock
channel evolution.
Variability in rock erodibility may be an important but
underappreciated control on the form and gradient of
bedrock channels. When numerical models of channel
cross-section evolution account for variable rock erodibility,
cross-sectional geometry and channel gradient are noticeably
different from cases where erodibility is held constant
(Hancock et al., 2011). Hancock et al. (2011) hypothesized
that the interactions between weathering and erosion within
bedrock channels produces variability in rock strength, and
hence rock erodibility, across bedrock channels. For instance,
exposed rock surfaces along the channel margins may have a
longer residence time than rock in the thalweg because
stripping of rock by erosion is less frequent on the channel
margins. The relative stability of channel margins could result
in a more intense degree of bedrock weathering there, as
exposure time strongly influences the extent of chemical
and physical weathering (e.g. Birkeland, 1999). In this
scenario, an increase in rock erodibility on the margins is
balanced, however, by lower shear stresses exerted on the
margins compared to shear stress in the thalweg. The
increase in rock erodibility thus allows the channel margins
to erode at long-term rates that are similar to the thalweg,
even though the frequency of erosion events and the shear
stresses produced by those events are lower than in the
thalweg (Hancock et al., 2011).
In the channel cross-section model calculations presented in
Hancock et al. (2011), differential degrees of weathering
between the thalweg and the margins leads to changes in
cross-section geometry. Their model predicts that interaction
between the long-term erosion rate and the weathering rate is
a potential control on erodibility across bedrock-floored
channels. Model experiments with rapid erosion lead to low
and nearly uniform rock erodibility, as the rock residence time
Copyright © 2017 John Wiley & Sons, Ltd.

within the weathering zone is uniformly short. When erosion
rates are slow, erodibility is high and nearly uniform, as the
rock residence time within the weathering zone is uniformly
long. Between the two erosion rate extremes, erodibility varies
across the channel, with weathering-induced erodibility
increasing with height above the thalweg within the channel
cross-section. For all experiments with weathering included,
the interaction between erosion and weathering strongly
influences channel width/depth (w/d) ratio and channel
gradient (Hancock et al., 2011), and represents an additional
degree of freedom in bedrock channel evolution. However,
field data to evaluate the interaction between rock erosion rates
and weathering-driven variability of rock erodibility and the
impact of this interaction on channel geometry and gradient
is lacking.
In this article, we present the first field-based assessment of
hypothesized feedbacks (Hancock et al., 2011; Small et al.,
2015) between erosion rate, bedrock weathering, rock
erodibility, and channel cross-section form and gradient. We
focus on three tributaries to the Potomac River downstream
of Great Falls, Virginia, each of which has erosion rates that
vary along the channel longitudinal profile. Along these
tributaries, typical factors known to influence weathering
rates such as precipitation, temperature, vegetation, and
lithology (e.g. Birkeland, 1999), are nearly uniform. On each
of the three tributaries, we quantify the cross-sectional
variability in the degree of weathering for reaches with
different erosion rates using several proxies: Schmidt hammer
rebound,
surface
roughness,
and
crack
density
measurements. We then address the following questions: (1)
how does rock erodibility, as inferred by the weathered state
of rock, vary within channel cross-sections? (2) are channel
cross-section geometry and gradient affected by the pattern
of erodibility across channels? and (3) are the extent and
pattern of rock weathering within channel cross-sections
related to channel erosion rate? In doing so, we provide the
first quantitative evidence supporting the hypothesis that
channel cross-section form and gradient are influenced by
rock erodibility that varies due to weathering.

Field Setting
We selected ~0.5–1 km reaches on three tributaries to the
Potomac River (Difficult Run [DR], Scotts Run [SR], and
Turkey Run [TR]) located ~3 km, ~6 km and ~11 km,
respectively, downstream of present-day Great Falls,
a ~ 20 m knickpoint on the Potomac (Figures 1 and 2).
Criteria for the selection of these study channels included
uniformity of lithology and climate, availability of highresolution topographic data, a lack of significant human
disturbances, and ease of access. The three tributaries cross
similar rock types, primarily the Mather Gorge formation,
a ~ 600 Myr old suite of low-grade metasedimentary rocks
(Figure 3) (Drake and Froelich, 1997) with some intrusive
rocks of the Georgetown Formation. All three tributaries have
a knickpoint within ~1 km upstream of their junction with the
Potomac River (Figure 2). A US Geological Survey (USGS)
gaging station (USGS 01646000) is located at the upstream
end of our sampling locations on Difficult Run, allowing us
to calculate stream power along Difficult Run and to estimate
flows based on drainage area for the other two tributaries.
The climate is characterized by warm summers and relatively
mild winters with a mean annual temperature of 14.5°C and
mean annual precipitation of ~1.1 m (National Weather
Service, 2015, http://www.weather.gov/lwx/dcanme, accessed
September 2015).
Earth Surf. Process. Landforms, Vol. 42, 1997–2012 (2017)
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Figure 1. Study locations on tributaries to the Potomac River at Great Falls, Virginia. Study cross-sections are marked on Difficult Run (A), Scotts Run
(B), and Turkey Run (C). Upstream cross-sections (DR-U, SR-U, TR-U), middle cross-sections (DR-M, SR-M, TR-M), lower cross-sections (DR-L, SR-L,
TR-L). Maximum relief in this landscape is approximately 100 m. [Colour figure can be viewed at wileyonlinelibrary.com]

Methods
Proxies for rock weathering
We use three proxies to determine the degree of bedrock
weathering within and along channels. First, we use uniaxial
compressive strength (hereafter compressive strength) measured
using a Schmidt hammer, which has been widely used to
quantify the overall weathering state of rock surfaces (e.g. Selby,
1980; McCarroll, 1991; Wohl and Achyuthan, 2002; Goudie,
2006; Murphy et al., 2016). Schmidt hammer measurements
have been correlated with the weathering characteristics of the
upper-most weathering rind of the rock surface and with
common measures of rock strength such as Young’s Modulus
Copyright © 2017 John Wiley & Sons, Ltd.

or uniaxial compressive strength (Goudie, 2006). Second, we
use measurements of surface roughness, which is recognized
to correlate generally with exposure age (e.g. Blackwelder,
1931; McCarroll and Nesje, 1996, Mushkin et al., 2014) due
to the development of pitted surfaces and differential relief of
grains. There is less work directly correlating surface roughness
with weathering processes (e.g. McCarroll, 1991; Gómez-Pujol
et al., 2006), but existing studies and the interdependence of
exposure age and weathering intensity suggest a positive
relationship between surface roughness and weathering extent
(Birkeland, 1999). Finally, we measure macro-crack (any linear
void >2 cm in length) density to quantify the degree of visible
physical weathering that is manifest at the rock surface (e.g.
Eppes et al., 2010).
Earth Surf. Process. Landforms, Vol. 42, 1997–2012 (2017)

2000

C. M. SHOBE ET AL.

Sample locations

Figure 2. Channel longitudinal profiles and sampling locations.
Elevations were obtained from digital elevation models derived from
7.50 USGS topographic maps with 10-foot contour interval.

The longitudinal profiles, extracted from 10-m digital elevation
models, of each of the three tributaries exhibit a knickzone
located a short distance upstream of their junction with the
Potomac River (Figure 2). We took advantage of the variability
in stream power within the knickzones by choosing three
measurement sites along each tributary: one at the upstream
end of each knickzone (DR-U, SR-U, TR-U), one at the steepest
portion of each knickzone, (DR-M, SR-M, TR-M), and one at
the downstream base of each knickzone (DR-L, SR-L, TR-L)
(Figure 2). Given the proximity of the study sites on each
tributary as well as the lack of large tributaries between study
sites, we assume discharge and local climate conditions are
nearly identical, and therefore that the observed differences in
channel width and gradient (as surveyed with a laser total
station) between sample sites on each tributary are not related
to differences in substrate, flow, or microclimate. The upstream
sites are located just downstream of the transition from alluvial
reaches to exposed bedrock reaches. These sites may be
undergoing the initial response to upstream knickzone
propagation (Haviv et al., 2006; Berlin and Anderson, 2009),
but are less steep than the lower knickzone sections. The
middle and lower cross-sections on Difficult and Scotts Runs
are steeper and narrower than the upper cross-sections on each
channel, while all three Turkey Run cross-sections have similar
channel gradient (Figure 2; Table I).
At each sampling site, we selected a channel cross-section
that allowed access to the channel bed and margins. Within
each cross-section, at varying heights above the thalweg, we
chose locations to measure the three proxies for weathering
starting at the baseflow waterline and continuing along the
cross-section until we reached heights where bedrock exposure

Figure 3. Example of sampled cross-section (Scott Run, site SR-U). Each black dot in (A) marks the middle of the 35 cm × 35 cm rock surface
sampling grid within which 25 Schmidt hammer measurements and two contour gage surface roughness measurements were taken. Each set of three
rock surface samples makes up a single measurement location at a single height above the thalweg. (B) Surveyed channel cross-section with sample
locations shown in (A). All plots of proxies for weathering incorporate all data from each location (set of three black dots at a single height) into a
single data point. [Colour figure can be viewed at wileyonlinelibrary.com]
Copyright © 2017 John Wiley & Sons, Ltd.
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Properties of sampled channel cross-sections

Cross-section
Difficult Run
DR-U
DR-M
DR-L
Scotts Run
SR-U
SR-M
SR-L
Turkey Run
TR-U
TR-M
TR-L

Channel slope

10-year Stream
2
power (W/m )

50-year Stream
2
power (W/m )

10-year Width/depth
(w/d) ratio

50-year w/d
ratio

0.024
0.062
0.026

1100
10000
2400

2000
16000
3700

16.4
2
4.8

13
2
4.7

375 (30)
225 (18)
375 (30)

0.011
0.075
0.05

340
3100
3000

650
5200
6200

7.7
6.5
4.6

6
6.2
3.3

375 (30)
300 (24)
375 (30)

0.042
0.044
0.04

1400
1200
1800

2400
2000
2700

6
5.3
3

5.2
5.3
3.1

345 (30)
450 (36)
375 (30)

Total Schmidt points
(total roughness profiles)

Note: ‘total Schmidt points’ and ‘total roughness profiles’ report the number of individual measurements collected in each cross-section. All
measurements taken at a given sample location within a cross-section (i.e. a given height above the thalweg) are averaged to give the data as plotted
elsewhere in the article (e.g. Figure 5). Channel slopes and w/d ratios were derived from laser surveys.

was limited by regolith (Figure 3). All sample locations were
within the active channel. Within each cross-section, three to
seven of these measurement locations were chosen, depending
on outcrop accessibility. Sampling was conducted on exposed
rock outcrops generally exceeding ~10 m2 in area. At each
location (a single height above the thalweg consisting of three
adjacent rock surfaces), we sampled the three separate rock
surfaces in a transect of constant height above the thalweg
(Figure 3). The one exception is cross-section TR-U, where
one location had only enough space for sampling of two
surfaces. Most of the rock faces sampled were striking parallel
to the stream flow. In addition to sampling locations within the
active channel, we also collected compressive strength and
surface roughness data on at least one in situ outcrop located
on the adjacent hillslopes and above the maximum flood level
(~9 m to ~20 m above the channel thalweg) on each of the three
streams (cross-sections DR-U, DR-L, SR-M, TR-U, and TR-L).

Compressive strength measurements
We used a Proceq brand Type N SilverSchmidt hammer
(Schmidt hammer) to measure the uniaxial compressive
strength of the bedrock. The Schmidt hammer measures
uniaxial compressive rock strength by recording the rebound
velocity of a plunger that strikes the rock surface. Lower
rebound velocity indicates lower compressive rock strength,
while higher rebound velocity indicates higher compressive
strength. The Schmidt hammer uses a proprietary unit of
compressive strength, Q, which ranges up to ~100 (Proceq,
SilverSchmidt user manual), and with a low detection limit of
10. For a given rock type, we assume that weathered rock will
possess a lower compressive strength, and hence a lower Q,
than unweathered bedrock (Goudie, 2006; Sumner and Nel,
2002). We do not convert Q to compressive strength, as
published conversion equations do not span the entire range
of our measurements. Hence, we report Q when providing
numerical values, but refer to compressive strength when
discussing the implications of the measurements.
Though the Schmidt hammer is susceptible to error from
surface roughness, distance from fractures, and moisture, it has
been shown to be an effective tool for exploring surface
weathering for geomorphic purposes (McCarroll, 1991; Sumner
and Nel, 2002; Ericson, 2004; Aydin and Basu, 2005; Goudie,
2006; Niedzielski et al., 2009). Two possible sources of error
that are difficult to account for are fractures beneath the rock
surface and lichen growing on the rock surface that may
Copyright © 2017 John Wiley & Sons, Ltd.

dampen the Schmidt hammer impact. Aydin and Basu (2005)
report that a rock must be free of fractures up to 6 cm in depth
to accurately measure rock compressive strength with a Schmidt
hammer. Here, however, the possible presence of subsurface
fractures is not a critical uncertainty because small fractures in
the subsurface may be caused or enlarged by weathering, so
we assume that fracturing at this scale is expression of
weathering that is recorded by the Schmidt hammer. We
avoided taking measurements of lichen-covered rock.
The suggested minimum sample size for Schmidt hammer
datasets is 15 to 30 measurements on a single bedrock surface
(e.g. Niedzielski et al., 2009). At each sample location, we
placed a sampling grid (a 35 cm × 35 cm sampling grid with
100 ~ 2.5 cm × ~2.5 cm square cells) on three adjacent rock
surfaces of constant height above the thalweg (Figure 3), and
collected 25 Schmidt hammer measurements within each grid
at randomly chosen points. At cross-section TR-U where one
location had only two available surfaces, we collected 30
measurements from each of the two surfaces. At each sample
location, a total of at least 60 Schmidt hammer measurements
were collected, for a minimum of 225 measurements in each
cross-section (Table I). When collecting data, we avoided
locations where the rock was visibly wet, as wet rock has been
found to show up to 18% reductions in Schmidt hammer
rebound values compared to the same rock when dry (Sumner
and Nel, 2002). Although the sampled surfaces were not
smooth, we made sure that the Schmidt hammer plunger tip
was striking a flat surface. All Schmidt hammer measurements
were taken at least 15 cm from any significant joint (> 5 mm
width). If a randomly selected Schmidt hammer point fell within
15 cm of a joint >5 mm in width, we did not take a measurement
and randomly selected another Schmidt hammer point.
Each day in the field, we tested the Schmidt hammer by
collecting 25 measurements from a certified calibration anvil
and calculated the average Q and standard deviation for the
test. The measured values obtained from the anvil were
77 ± 3.6, which compares well to the standard value of the
calibration anvil (81), indicating relatively small temporal
variation in hammer calibration.

Surface roughness measurements
To measure rock surface roughness, we adapted the roughness
profile procedures of McCarroll and Nesje (1996) using a 15cm wide Fowler contour gage containing 181 independentlymoving 0.8 mm diameter pins (Figure 4). Within each grid,
Earth Surf. Process. Landforms, Vol. 42, 1997–2012 (2017)
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Figure 4. Contour gage photographed after being pressed
perpendicularly against the bedrock surface. Photographs were
processed using image analysis to determine surface roughness,
calculated as the standard deviation of pin heights. [Colour figure can
be viewed at wileyonlinelibrary.com]

we collected a set of two surface profiles using the contour
gage, one parallel to the stream axis and the other
perpendicular to stream axis, following the recommendations
of McCarroll (1997). This resulted in a total of six profiles at
each height above the thalweg (Table I). Each roughness profile
recorded by the contour gage was photographed against a
light-colored background, taking care to minimize errors that
might be associated with tilting of the background or
shadowing of pins. We created an image analysis program in
MATLAB based on the Canny edge detection algorithm (Canny,
1986) to extract the roughness profile from the photograph by
calculating the standard deviation of height differences
between pins. We use the standard deviation of height
differences as a proxy for surface roughness following
McCarroll and Nesje (1996).

Crack density measurements
In order to gain a sense of the relative contribution of physical
versus chemical weathering to our compressive strength and
surface roughness measurements, we also collected crack
density data from the highest and lowest measurement
sampling locations at each of the three Difficult Run sites. In
each sampling location we defined a 1 m2 area around the
location of each of the three sample grids. We recorded the
length, maximum width, and strike and dip for every crack
(defined as a linear void >2 cm in length) within that area
following the procedures outlined in Aldred et al. (2015). We
then summed the total length of all measured cracks for each
grid and calculated a crack density as a total crack length per
area (cm/m2) for the combined three grids at each elevation
above the channel.

Cross-section surveys and recurrence interval
calculations
We surveyed the flow-perpendicular channel cross-section
profiles, the sampling locations within cross-sections, and the
water surface gradient in each cross-section using a Topcon
laser total station (Supporting Information Figure S1). We used
the survey data to determine channel cross-sectional area with
height above the thalweg and the height above the thalweg of
each sampled location. We calculated water-surface slope by
measuring water surface elevations above, within and
downstream of each sampled cross-section along ~50 m total
stream length (Table I).
Copyright © 2017 John Wiley & Sons, Ltd.

We created a discharge rating curve for each sampled crosssection. We used the channel surveys to obtain the crosssectional area with height above the thalweg at 1 cm intervals,
and estimated the mean flow velocity at each height using the
Manning equation. We assumed a Manning’s roughness value
of n = 0.04 for all cross-sections and used the surveyed watersurface gradient discussed earlier. Manning’s n = 0.04 is
appropriate for steep streams that have little in-channel
vegetation but host vegetation high on the banks that may be
inundated during high flows (e.g. Chow, 1959). Using the flow
regression equations provided in Austin et al. (2011), we
calculated the 10-year and 50-year recurrence interval flows
(Q10 and Q50) in each sampled cross-section by using drainage
area to scale flows from a gaging station on Difficult Run. The
discharges estimated from the regression equations were then
used in conjunction with the rating curve to approximate the
flow depth and width at the 10-year and 50-year flows. We
then calculated the unit stream power, ω, for Q10 and Q50 in
each sampled cross-section (Table I).

Results
For all results reported, we use a significance threshold of
p < 0.01 (99% confidence) for compressive strength and
p < 0.05 (95% confidence) for surface roughness due to the
lower sample sizes of surface roughness data. Compressive
strength decreases with height above the thalweg in all of
the sampled channel cross-sections (Figure 5). Using a twosample Welch’s t-test assuming unequal variance, the means
of compressive strength at the lowest and highest height in
each cross-section are statistically different (p < 0.01) in
eight of nine cross-sections (Table II). However, the scatter
in the data is enough that Spearman correlation tests do not
show significant correlations between compressive strength
and height above the thalweg (Table II), and the linear
regressions shown in Figure 5 do not show significant trends.
The slope of the linear regression between compressive
strength and height above the thalweg varies in each crosssection, but the greatest change in compressive strength with
height is observed consistently within the upstream crosssections (DR-U, SR-U, and TR-U) and the smallest change
is observed consistently in the middle cross-sections (DR-M,
SR-M, TR-M) of the three streams (Figure 5). A linear fit of
compressive strength with height in each cross-section shows
a similar y-intercept (e.g. rock strength at the base of the
channel, Table II, Figure 5) for each channel, suggesting
exhumation in the thalweg of rock of similar initial strength
along each channel.
We observe an overall increase of surface roughness with
height above the thalweg in seven of the sampled channel
cross-sections (Figure 6). The mean surface roughness at the
lowest and highest height in each cross-section are statistically
different (p < 0.05) in six of the nine cross-sections (Table II),
again using a two-sample Welch’s t-test assuming unequal
variance. Taking 0.05 as our significance threshold, Spearman
correlation tests indicate that the relationship between height
above the thalweg and surface roughness is significant in two
cross-sections (Table II), and that the linear regression in DR-L
is the only statistically significant linear relationship (Figure 6).
The slope of the relationship between surface roughness and
height above the thalweg varies in each cross-section, but the
greatest change in roughness with height is observed within
the DR-U and TR-U cross-sections as well as cross-section DRL, and smaller changes are observed consistently in the middle
cross-sections (DR-M, SR-M, TR-M) of the three streams
(Figure 6). As with the compressive strength data, a linear fit of
Earth Surf. Process. Landforms, Vol. 42, 1997–2012 (2017)
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Figure 5. Mean compressive strength plotted against height above the thalweg within each cross-section. Error bars represent one standard
deviation. DR, Difficult Run; SR, Scotts Run; TR, Turkey Run. Gray bars show the estimated water level height above the thalweg for the 2, 10,
and 50-year recurrence flows at each cross-section. The p-values are derived from linear regression analysis. Spearman correlation coefficients
and p-values are found in Table II. In all nine cross-sections, compressive strength decreases with height above the thalweg.

roughness with height in each cross-section yields a similar yintercept (e.g. roughness at the base of the channel) for all nine
cross-sections (0.16 ± 0.037 mm).
To more fully investigate the statistical significance of our
results, and to compare compressive strength and surface
roughness results between cross-sections and channels, we
normalized height above the thalweg between cross-sections
by converting each measurement height to a recurrence
interval using the methods described earlier (see section
entitled ‘Cross-section surveys and recurrence interval
calculations’). When normalized by recurrence interval, both
compressive strength and surface roughness data show clear
evidence of higher rock erodibility at higher recurrence
intervals (Figure 7). Compressive strength declines with
increasing recurrence interval, and surface roughness increases
with increasing recurrence interval. Spearman rank
correlations show that both trends are statistically significant
(p < 0.0001). While the relatively sparse data within any given
cross-section does not always show a statistically significant
relationship between height above the thalweg and our
erodibility proxies, Figure 7 shows that the trends for
compressive strength and surface roughness are significant to
a high degree of confidence with all data combined.
Crack density increases with height above the thalweg in all
three of the Difficult Run channel cross-sections (Figure 8). The
slope of the relationship between crack density and height
Copyright © 2017 John Wiley & Sons, Ltd.

above the thalweg is greatest in the DR-L and DR-U crosssections, while the DR-M slope is roughly a third of DR-L and
DR-U (Table II, Figure 8). As observed in the compressive
strength and roughness data, the y-intercept of the relationship
between crack density and height above the thalweg is similar
for all three of the cross-sections on Difficult Run (Figure 8).
The three measured weathering proxies co-vary in systematic
ways. Mean compressive strength and mean surface roughness
are negatively correlated (R2 = 0.70, 0.42, and 0.59 in Difficult
Run, Scotts Run, and Turkey Run, respectively; Figure 9),
consistent with our assumption that rock strength decreases
and surface roughness increases as the extent of weathering
increases. All three correlations are statistically significant
(p < 0.0001, p = 0.009, and p < 0.0001, respectively). We
observe a weak correlation between crack density and mean
compressive strength (R2 = 0.37 and p = 0.145), and a strong
and significant correlation between crack density and mean
surface roughness (R2 = 0.79 and p = 0.008) (Figure 10). This
suggests that roughly 40% of the variance in compressive
strength and 80% of the variance in surface roughness can be
explained by the density of visible macrofractures. In general,
these correlations are expected between all three metrics. For
example, higher crack density leads to erosion of small pieces
of rock (and potential preferable detachment of some minerals
over others), which increases surface roughness. Laboratory
experiments show linear relationships between rock porosity
Earth Surf. Process. Landforms, Vol. 42, 1997–2012 (2017)
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43.8 ± 12
52.0 ± 11
61.8 ± 7.8
46.5 ± 10
51.8 ± 9.7
57.8 ± 8.1
57.8 ± 7.6
37.2 ± 16
62.0 ± 6.0

DR-U
DR-M
DR-L
SR-U
SR-M
SR-L
TR-U
TR-M
TR-L

20.8 ± 10
45.8 ± 13
31.8 ± 17
19.6 ± 7.2
44.8 ± 10
31.9 ± 10
24.6 ± 10.1
33.1 ± 12
35.0 ± 14

Margin

Correlation coefficient.
0.80
1.00
0.90
0.90
0.80
1.0
0.70
0.89
0.90

t-Test p-value

<0.0001
0.0059
<0.0001
<0.0001
0.00018
<0.0001
<0.0001
0.11
<0.0001
0.13
0.33
0.083
0.083
0.33
0.017
0.23
0.033
0.083

p-Value
0.18 ± 0.02
0.16 ± 0.04
0.14 ± 0.02
0.17 ± 0.03
0.19 ± 0.03
0.17 ± 0.03
0.13 ± 0.04
0.17 ± 0.02
0.14 ± 0.01

Thalweg
0.35 ± 0.15
0.18 ± 0.03
0.42 ± 0.06
0.24 ± 0.07
0.13 ± 0.02
0.22 ± 0.05
0.36 ± 0.06
0.29 ± 0.07
0.23 ± 0.08

Margin
0.067
0.43
0.001
0.043
0.0036
0.15
0.01
0.048
0.039

t-Test p-value

0.80
0.50
1.0
0.60
0.40
0.70
1.0
0.77
0.90

0.13
1.0
0.017
0.35
0.75
0.23
0.017
0.10
0.083

Spearman p-value

Spearman correlation
test
Correlation coefficient

Mean surface
roughness (mm)

82
25
124
n/a
n/a
n/a
n/a
n/a
n/a

Thalweg

193
53
230
n/a
n/a
n/a
n/a
n/a
n/a

Margin

Mean crack density
2
(cm/m )

Note: t-test p-values were returned by two-sample Welch’s t-tests assuming unequal variance, and test for significant differences between the lowest and highest measurements in each cross-section. Spearman correlation
coefficients and p-values test for simple correlation between the weathering metrics and height above the thalweg in each cross-section. Also shown are mean crack density measurements from the Difficult Run sample
sites.

Thalweg

Spearman correlation test

Mean Schmidt hammer
value (Q)

Mean and standard deviation of Schmidt hammer, surface roughness, and crack density measurements taken at the thalweg and top of the channel bank at each sample site

Cross-section

Table II.
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Figure 6. Mean surface roughness plotted against height above the thalweg within each cross-section. Error bars represent one standard deviation.
DR, Difficult Run; SR, Scotts Run; TR, Turkey Run. Gray bars show the estimated water level height above the thalweg for the 2, 10, and 50-year flows
at each cross-section. The p-values are derived from linear regression analysis. Spearman correlation coefficients and p-values are found in Table II. In
seven of nine cross-sections, surface roughness increases with height above the thalweg.

and compressive strength (Aydin and Basu, 2005). The
comparisons with crack density are, to our knowledge, the first
data of their kind. They demonstrate that a large portion of the
variance in channel bedrock erodibility, as measured by the
Schmidt hammer, is attributable to mechanical weathering.
The remaining variance may be related to either chemical
weathering or to mechanical weathering manifested at smaller
scales than the >2 cm long cracks we measured.
The compressive strength and surface roughness values
measured on rock outcrops on the hillslopes above crosssections DR-U, DR-L, SR-M, TR-U, and TR-L indicate much
more weathered rock than found near the thalweg. Together,
these above-channel outcrops exhibit an average compressive
strength of 25 ± 12 Q and average roughness of
0.30 ± 0.09 mm. The highest sample heights in DR-U, DR-L,
and TR-U had compressive strengths that are statistically
indistinguishable from the values collected from these nearby
outcrops (p = 0.45 for DR-U, p = 0.36 for DR-L, and p = 0.06
for TR-U). In contrast, the highest sampled height in crosssections SR-M and TR-L have greater mean compressive
strength than and are statistically distinct (p < 0.01) from the
hillslope outcrop compressive strength values.
The width and w/d ratio of channel cross-sections change
noticeably as erosion rates (as inferred by stream power)
change at our field sites (Figure 11). While we do not have data
Copyright © 2017 John Wiley & Sons, Ltd.

from enough cross-sections to extract statistically significant
relationships between w/d and stream power, we can make
some qualitative observations from our sites. Channel width
and w/d ratios are lower at higher unit stream power
(Figure 11). The cross-section with the lowest stream power
(site SR-U) has a w/d ratio of ~12 at the 50-year flood height,
while the cross-section with the highest stream power (site
DR-M) has a w/d ratio of ~1.9 at the 50-year flood height.
Direct comparison between w/d ratio and variability in rock
erodibility is not straightforward because such comparisons
do not incorporate channel gradient, an additional degree of
freedom for channel adjustment. However, unit stream power
incorporates both channel geometry and gradient, and is
therefore more effective for comparing against variability in
rock erodibility. For each cross-section, we compare the
estimated 10-year recurrence stream power to three measures
of cross-sectional variability in erodibility: standard deviation
of compressive strength, the rate of change in compressive
strength with height between the lowest and highest
measurement, and the rate of change in surface roughness with
height (Figure 12). Gradients in compressive strength and
surface roughness are derived from the linear regressions in
Figures 5 and 6, respectively. The standard deviation of all
compressive strength measurements collected in each crosssection (≥ 225 individual values in each) declines with
Earth Surf. Process. Landforms, Vol. 42, 1997–2012 (2017)

2006

C. M. SHOBE ET AL.

Figure 8. Comparison of crack density with height above the thalweg
on Difficult Run (DR). Text in upper right corner reports the crack
density measured at an outcrop on the adjacent hillslope. Though our
data is limited, we see an increase in crack density with height above
the thalweg in all three cross-sections (DR-U, DR-M, DR-L).

Figure 7. Compressive strength (top) and surface roughness (bottom)
data for all measurement heights in all cross-sections. Each
measurement height was converted to a flow recurrence interval as
described in the text. Lower recurrence intervals are near the thalweg
and higher recurrence intervals are higher on the channel banks. Error
bars represent one standard deviation. The decrease in compressive
strength and increase in surface roughness with increasing recurrence
interval are both statistically significant (p < 0.0001) using Spearman
rank correlation tests, with ρ being the correlation coefficient.

increasing 10-year recurrence unit stream power in Difficult
Run and Scotts Run (Figure 12A). The gradients of compressive
strength and surface roughness in those channels also decline
with increasing 10-year stream power (Figures 12B and 12C).
In other words, the difference between values near the thalweg
and at the top of the banks is low at high stream power. In
Turkey Run, low variability in stream power between crosssections (Figure 12) makes interpretation of weathering
variability challenging.

Discussion
Inundation frequency, weathering, and erodibility
Our dataset of weathering proxies suggests that rock erodibility
varies across bedrock-floored channels. Our data reveals a
pattern of increasing erodibility with greater height above the
Copyright © 2017 John Wiley & Sons, Ltd.

thalweg and greater recurrence interval in the cross-sections
(Figures 5–7). This trend was observed in one or more
weathering proxies at all nine sites, even though the sampled
cross-sections were located on three separate streams that differ
in watershed drainage area, bank aspect, localized lithologic
characteristics, and joint spacing. Measured differences in rock
compressive strength within each cross-section are substantial.
At the greatest heights within cross-sections, average
compressive strength values were as low as ~20Q, while values
in the thalweg were as high as ~60Q (Figure 5, Table II). This
difference can be roughly translated to a nearly nine-fold
variation in rock compressive strength (Proceq, SilverSchmidt
user manual). Combined compressive strength measurements
from all cross-sections show a statistically significant decline
with increasing recurrence interval (Figure 7). Although not as
definitive as the compressive strength data, the surface
roughness and crack density datasets support increasing degree
of weathering with height in the channel cross-sections. We
observe statistically significant increases in surface roughness
between the lowest and highest sampling heights in six of the
nine measured cross-sections, as well as a statistically
significant increase in roughness with increasing recurrence
interval for the entire dataset (Figure 7). Crack density generally
increases with height above the thalweg in the three measured
cross-sections (Figure 8). The highly significant differences
between measurements made at the lowest and highest
sampling heights in each cross-section (i.e. between greatest
and lowest inundation frequency) combined with a large
sample size suggest that these results are robust and are not
due to sampling error introduced by our measurement strategy.
We view rock weathering as the only reasonable mechanism
available to produce the spatial variability in rock strength,
surface roughness, and crack density within these crosssections. Our metrics for weathering largely reflect the effects
of physical weathering, in contrast to the chemical weathering
mechanisms proposed by Murphy et al. (2016). Measured
macrocrack (cracks >2 cm length) density accounts for ~40%
of the variance in compressive strength and ~80% of the
variance of the surface roughness data (Figure 10). In addition,
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Figure 9. Comparison of surface roughness to compressive strength measurements. Horizontal error bars represent the standard deviation of the ~75
Schmidt hammer measurements comprising each data point, and vertical error bars represent the standard deviation of the six roughness profiles
comprising each data point. Compressive strength and roughness are significantly negatively correlated in each tributary (p < 0.0001, p = 0.009,
and p < 0.0001 for Difficult Run, Scotts Run, and Turkey Run, respectively).

Figure 11. Relationships between stream power (surrogate for crosssection average erosion rate) and channel cross-section width/depth
(w/d) ratio, both calculated for the estimated 10-year flow. In all three
channels, the w/d ratio becomes smaller at higher values of stream
power. However, the number of cross-sections measured is too low to
draw statistically significant conclusions.

Figure 10. Comparison between crack density and mean rock
compressive strength (top) and crack density and mean surface
roughness (bottom). In general, compressive strength decreases and
surface roughness increases as crack density increases. Error bars
represent one standard deviation. We find a significant linear
relationship between crack density and surface roughness (p = 0.008),
but not for crack density and compressive strength (p = 0.145).
Copyright © 2017 John Wiley & Sons, Ltd.

we observed that all measured sites also exhibited fractures
<2 cm in length and/or evidence of granular disintegration,
although these were not quantified. Hence, we focus here on
physical weathering processes, although chemical weathering
processes likely play a role. Virtually all physical weathering
processes should serve to increase rock erodibility by creating
new fracture planes along which bedrock can be plucked or
easily abraded, leading to lower rock strength, greater surface
roughness, and greater crack density. For portions of the
channel that are not regularly inundated, mechanical
weathering, by increasing porosity and permeability, will result
in a positive feedback whereby both physical and chemical
weathering will be further enhanced by increased moisture
content and by mechanical weakening. With our dataset, we
cannot differentiate the contribution from specific physical
weathering processes to observed cracking density at any given
location (e.g. Eppes et al., 2016) or measure how physical
Earth Surf. Process. Landforms, Vol. 42, 1997–2012 (2017)
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Figure 12. Comparison of stream power (surrogate for cross-section
average erosion rate) with (A) standard deviation of compressive
strength, (B) gradient of compressive strength and (C) gradient of surface
roughness in each cross-section. Gradients are taken from the linear fits
in Figures 5 and 6 for compressive strength and roughness, respectively.
All three show that rock erodibility is more variable at lower stream
power values on Difficult Run and Scott Run, while the lack of
variability in stream power along Turkey Run precludes analysis of
those data. However, the number of cross-sections measured is too
low to draw statistically significant conclusions.

Copyright © 2017 John Wiley & Sons, Ltd.

weathering rates may change through time (Mushkin et al.,
2014). Based on the climate conditions of the field site and past
work on mechanical weathering processes in similar
environments, however, it is likely that conditions are suitable
for cracking or granular disintegration by thermal stress (e.g.
Eppes et al., 2016), lichen growth or other biophysical
processes (e.g. Lee and Parsons, 1999), ice segregation (e.g.
Hales and Roering, 2007), and/or biotite expansion (e.g.
Isherwood and Street, 1976). All of these likely contribute to
mechanical weathering of the channels that we observed.
Our observations are consistent with previous studies that
invoke weathering as an important mechanism for altering
erodibility in bedrock channels (e.g. Howard, 1994; Whipple,
2004). Several field and laboratory studies note an increase of
rock erodibility related to weathering of the rock surface in
channels (e.g. Sklar and Dietrich, 2001; Montgomery, 2004;
Stock et al., 2005; Johnson and Finnegan, 2015; Small et al.,
2015; Murphy et al., 2016). Hence, we interpret our
weathering proxies as indicative of rock erodibility in the
sampled cross-sections. Further, the specific pattern of
increasing degree of weathering and rock erodibility with
height above the thalweg in our study is similar to other
observations of rock erodibility in bedrock channels
(Montgomery, 2004; Stock et al., 2005; Johnson and Finnegan,
2015; Small et al., 2015). Johnson and Finnegan (2015),
Montgomery (2004), and Collins et al. (2016) present
particularly dramatic examples of differential weathering across
channels caused by wetting and drying cycles that are more
frequent and thus more effective along the channel margins
relative to the thalweg. The abrasion mill experiments of Small
et al. (2015) document that erodibility varies significantly
within channel cross-sections, with erodibility on the channel
margins consistently greater, by up to an order-of-magnitude,
than rock in the thalweg in the sampled sandstone and basaltfloored channels. The experiments of Sklar and Dietrich
(2001) show that rock surfaces with evidence of weathering
are significantly more erodible than fresh rocks of the same
type, although we note that not all of their samples were
collected in bedrock channels.
The erodibility pattern we observe supports the results of
numerical simulations of bedrock-floored channel crosssection evolution that incorporate a weathering algorithm
(Hancock et al., 2011). Similar to the erodibility pattern in our
study site, the model predicts that differential weathering within
channel cross-sections leads to a progressively greater degree
of weathering and erodibility with increasing height above
the thalweg. In the model, the increase in erodibility with
height in the channel is related to decreasing inundation
frequency with height. Bedrock near the channel thalweg
weathers, but frequent inundation strips weathered material,
preventing significant accumulation of weathering. With
increasing height above the thalweg, inundation frequency
decreases and erosion events are less frequent, allowing more
time for weathering to weaken the rock (Hancock et al.,
2011). These model results provide a viable mechanism to
explain the observed increase in weathering accumulation with
height in our sampled cross-sections. Variability in biological,
chemical, or mechanical weathering rates along the channel
cross-section is an alternative to differential inundation
frequency as an explanation for the trends we observe.
However, such a relationship is not straightforward. For
example, consistent inundation and shading in the channel
may insulate rock near the thalweg from temperature cycling,
leading to less weathering by thermal stress. Alternatively, more
efficient erosion at the thalweg may result in faster weathering
rates there because fresh rock is exposed. We consider the
mechanism of differential inundation frequency to be the
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simplest and most likely explanation for the trends we observe,
but it is plausible that spatial and temporal variability in
weathering processes plays an additional role.

Cross-channel erodibility, stream power, and
channel geometry
Our data supports the hypothesis that erosion rate and
weathering interact to set the pattern of erodibility across
channels and, in turn, influence channel geometry. We
consider the relationships between stream power, erodibility,
and channel geometry in our study cross-sections (Figures 11
and 12). Because the sampled cross-sections on each
individual tributary have similar lithology, discharge, and
regional climatic conditions, we suggest that the erosion rate
in each cross-section plays a key role in controlling the
observed differences in erodibility and cross-section geometry.
While there are no direct measurements of erosion rates on the
three tributaries sampled, stream power varies significantly
between cross-sections on both Difficult Run and Scotts Run
(Table I). The stream power variability is in large part a
reflection of differences in channel slope related to a marked
profile convexity, starting at an elevation of ~50 m, within each
channel profile (Figure 2). The convexities were likely spawned
by the passage of a knickpoint (Great Falls) migrating past each
tributary confluence with the Potomac River (Bierman et al.,
2004) and have migrated upstream to their present locations
(cross-sections DR-M and SR-M). Above the tributary
knickpoints, channel incision rates are likely slow, as long-term
regional erosion rates within the Piedmont province near Great
Falls are up to ~0.02 m/kyr averaged over the last several
million years (Pavich, 1989). In contrast, average incision rates
in this reach of the Potomac River are on the order of 0.1 m/kyr
over the past ~50 kyr (Bierman et al., 2004; Reusser et al.,
2004; Bierman, 2015) and may have accelerated up to 0.8 m/
kyr as the Great Falls knickpoint migrated upstream (Reusser
et al., 2004). As we have sampled cross-sections located above,
within, and below the tributary knickpoints on each tributary,
we infer that erosion rates vary by nearly an order of magnitude
between cross-sections. Lacking actual erosion rates, however,
we use unit stream power as a proxy for erosion rate.
We consider the standard deviation of compressive strength
(Figure 12A) to be an indicator of the variability in rock strength
produced by weathering within the channel cross-section. In
general, Figure 12A suggests a relationship between stream
power and standard deviation in Difficult Run and Scotts Run
in which standard deviation decreases with increasing unit
stream power (Figure 11). Assuming stream power is a
reasonable proxy for erosion rate, we conclude that increasing
erosion rate decreases the variability in erodibility, because
more frequent erosion events prevent the accumulation of
weathering effects within the entire channel.
We now assess the rate of change in compressive strength and
surface roughness with height in each cross-section (Figures 12B
and 12C), which we assume to be an indicator of the
effectiveness of weathering relative to erosion with increasing
height in the cross-section. In general, the overall rate of change
of both compressive strength and surface roughness decreases
as stream power increases in Difficult Run and Scotts Run
(Figures 12B and 12C). Though the relationships in Figure 12
are not statistically significant because of our low sample size,
these results suggest that channels with higher erosion rates
maintain greater rock strength throughout the channel crosssection. While Murphy et al. (2016) found a positive
relationship between incision rate and compressive strength
Copyright © 2017 John Wiley & Sons, Ltd.
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along channel longitudinal profiles, our results highlight that
stronger rock is found at all points in rapidly eroding crosssections relative to slowly eroding cross-sections. We note that
Turkey Run does not show relationships similar to those
discussed earlier for Difficult Run and Scotts Run, as the range
of stream power within the Turkey Run cross-sections is low
compared to the other two channels (Figures 11 and 12).
Observed channel w/d ratios are also generally negatively
correlated to stream power (Figure 11), with the w/d ratio in
Difficult Run strongly and negatively correlated to stream
power, although Scotts Run and Turkey Run have similar but
weaker relationships (Figure 11). These data suggest that
increasing erosion rates and the concomitant decrease in rock
erodibility at points high on the channel margin lead to lower
w/d ratios. This result provides evidence for a dynamic
feedback in which incision rates influence the pattern of rock
strength within channels, which in turn influences channel
form and erosion. One alternative, or possibly complementary,
hypothesis for lower w/d ratios at higher erosion rates is that
increased bedload transport capacity can focus erosion by
saltating bedload at the thalweg relative to the banks (e.g. Lamb
et al., 2015). While we do not have the data to distinguish
between these two processes, strong rock on the channel banks
would still be more resistant to clear-water erosion (e.g.
plucking) and abrasion by suspended load than the weathered
banks found in low erosion rate cross-sections. An important
implication of this conclusion is that variables such as
microclimate or lithologic heterogeneity that control
weathering rates will influence not only the minimum and
maximum rock erodibility in a channel, but also the range of
erodibility between the thalweg and the channel margins.
Ultimately, rock strength is likely a dynamic channel variable
whose magnitude and variability are set by the competition
between rock removal by erosion processes and the
preservation of weathered rock within the channel.
The linkages we observe between channel w/d ratio,
weathering, and erosion rate are consistent with predictions
derived from several numerical simulations of bedrock-floored
channel cross-section evolution. The modeling results of
Hancock et al. (2011) show a decrease in w/d ratio and a
reduction in the variability in erodibility as a channel
transitions from moderate to high erosion rates when
weathering is incorporated in the model. In contrast, w/d ratios
are static in simulations that do not include weathering of the
channel even though width narrows as erosion rate increases
from moderate to high erosion rates (Hancock et al., 2011),
which is consistent with the predictions of similar models of
detachment-limited (i.e. pure bedrock) channels (Hancock
et al., 2011; Yanites and Tucker, 2010; Wobus et al., 2006).
We conclude that it is the distribution of erodibility in the
observed channels, driven by the erosion rate within each
cross-section, that significantly influences each reach’s channel
geometry.
Additional support of our conclusions arises from
considering the effects of sediment cover on bedrock channels.
The bedrock cross-section simulations of Yanites and Tucker
(2010) that incorporate sediment cover, but not weathering,
produce cross-sections with nearly identical w/d ratios to those
presented in Hancock et al. (2011) that incorporate a rock
weathering algorithm within channels, but without sediment.
The field observations presented herein provide evidence that
both sediment cover and spatially variable erodibility may play
a role in channel width and w/d ratio. In cross-sections where
both the magnitude and variability of rock erodibility are high,
channel width and w/d ratios are greater at the Q10 and Q50
flows while channel gradient is lower, relative to cross-sections
with less erodible bedrock (Figure 12, Table I). In addition,
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qualitative observations at the sampled cross-sections suggest
that the fraction of sediment cover increases as unit stream
power decreases, similar to the relationships we hypothesize
exist between width, w/d ratio, rock erodibility, and unit stream
power. At the extreme, we would expect that bedrock crosssections that are eroding sufficiently slowly would weather to
a nearly uniform high erodibility (Hancock et al., 2011).
Uniformly erodible rock, coupled with burial by sediment,
may lead to a transition to transport-limited conditions in which
sediment flux and size control channel geometry and slope
(e.g. Yanites and Tucker, 2010). Although not sampled, we
observed such a cross-section on Difficult Run ~250 m
upstream of DR-U, where the channel transitions to a wide
floodplain and low gradient with near complete sediment
cover and where exposed bedrock is saprolitized (Supporting
Information Figure S2).

Implications for channel geometry and gradient
Lacking a theoretical basis for downstream variations in
bedrock channel width, geomorphologists have frequently
adopted scaling relationships based on hydraulic geometry
of alluvial rivers (Leopold and Maddock, 1953). Though there
is good empirical support for discharge-based scaling where
width (w) in bedrock channels generally scales with
discharge (Q) by the relationship w ∝ Qb, where b ~ 0.4–0.55
(e.g. Montgomery and Gran, 2001; Whipple, 2004; Wobus
et al., 2006; Finnegan et al., 2007; Turowski et al., 2008; Wohl
and David, 2008), many examples exist of bedrock channels
narrowing downstream due to baselevel perturbations (e.g. this
study) or other factors. Although a relationship w ∝ Q0.5 is
widely used in scaling relationships in models of longitudinal
profile evolution, the datasets comparing width and discharge
tend to be quite noisy (e.g. Figure 1 in Wohl and David, 2008).
The noise is due to the many factors that contribute to the
variability in channel width found along and between rivers in
these field studies, including differences in incision rate,
bedrock characteristics, precipitation rate, and sediment supply
(e.g. Montgomery and Gran, 2001; Duvall et al., 2004; Turowski
et al., 2008, Wohl and David, 2008; Han et al., 2014). Unlike for
channel width, Wohl and David (2008) find no significant
pattern of w/d ratio as a function of Q or drainage area, A, in
contrast to predictions that w/d should be constant along
channels or scale with Q and A (e.g. Wobus et al., 2006). The
modeling results of Hancock et al. (2011) coupled with the field
data presented herein suggest that weathering, and more
precisely the pattern of accumulated weathering within channel
cross-sections, may be an important source of variability in both
channel width and w/d ratio. Our results suggest that the pattern
of erodibility within channel cross-sections generated by
differential accumulation of weathering is an additional degree
of freedom in adjustment of channel width and w/d ratio.
Further, because incision rate, lithology, precipitation, and
sediment supply influence in-channel weathering rates and
processes, bedrock weathering likely works in concert with
these variables to influence channel geometry for any given
reach.

Conclusions
Bedrock erodibility, as inferred from compressive strength,
surface roughness, and crack density measurements, exhibits
significant spatial variability within cross-sections on three
tributaries to the Potomac River. Eight of nine channel crosssections exhibit statistically significantly higher rock
Copyright © 2017 John Wiley & Sons, Ltd.

compressive strength at the measurement height nearest the
thalweg than at the measurement highest on the bank. Rock
surface roughness and crack density are generally higher at
sample locations on the channel banks than at near-thalweg
sample locations. Further, we find compelling evidence that
the distribution of rock erodibility in cross-sections (i.e. the
magnitude of the difference between erodibility at the thalweg
and on the channel margins) is strongly controlled by the crosssection erosion rate. We conclude from these data that (1)
bedrock erodibility is greater along the channel margins where
inundation is less frequent, as weathering effects accumulate
without frequent stripping by erosion, and (2) cross-section
stream power, used as a proxy for erosion rate, can explain
much of the variation in differences between near thalweg
and channel margin erodibility in the nine cross-sections. We
conclude that the increase in erodibility with height is related
to the decreasing frequency of erosive events with increasing
height in channel cross-sections, leading to more accumulation
of weathering, and therefore greater rock erodibility, on the
channel margins relative to the thalweg. Our crack density data
demonstrate that a large portion of the observed weathering is
mechanical, rather than chemical weathering as observed in
Hawaii by Murphy et al. (2016).
Our observations of high values for standard deviation and
range of compressive strength measurements in many crosssections (DR-U, DR-L, SR-U, TR-U, TR-L) indicate that there is
no single value of rock erodibility that characterizes the entire
channel cross-section. The noisy yet broadly consistent inverse
relationship between the standard deviation of compressive
strength and unit stream power is evidence that the patterns
in erodibility that we observe result from the interplay between
cross-section erosion rate and degree of weathering, driven by
the accumulation of weathering effects.
We show evidence that the erosion rate, in concert with the
differential degree of weathering between the thalweg and
channel margins, may set the cross-sectional channel
geometry. These findings imply that factors that influence
weathering rates will work in concert with erosion to set the
distribution of rock erodibility and therefore control channel
geometry in any given channel reach. For a given erosion rate,
a cross-section whose margins have a greater accumulation of
weathering than in the thalweg will have a higher w/d ratio
and a lower channel gradient than a cross-section with uniform
erodibility (Hancock et al., 2011). Our field results support the
existence of such a relationship, as the wider, shallower crosssections (e.g. DR-U, SR-U) tend to have more significant
accumulation of weathering effects on the channel margins
than the deep, narrow cross-sections (e.g. DR-M, SR-M).
Greater weathering accumulation on the channel banks
relative to the thalweg may be an important mechanism in
allowing cross-sections to lower uniformly in space despite
higher concentrations of erosive power near the thalweg. This
study provides novel, quantitative field evidence that
weathering is a prime contributor to the significant variability
found in bedrock channel geometries and gradients.
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